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Cold-formed steel (CFS) built-up battened columns are employed to obtain a sufficient load-bearing capacity
when individual profiles cannot withstand the specified stresses. This sufficient load-bearing capacity can be
obtained when the individual profiles present a composite action. This paper presents the optimal layout for
CFS built-up battened columns to achieve a high level of composite action between two X-shaped CFS profiles.
A calibrated finite element modeling technique was used to evaluate the effect of the number of fasteners per
batten panel and the distance between the batten panels on the axial capacity of CFS built-up battened columns.
The optimal number of fastener rows and the distance between the batten panels were determined using 100
models, in which a high level of composite action was achieved between CFS profiles. Then the maximum axial
load-bearing capacity of additional 600 finite element models using the optimal layout was compared with the
analytical predictions in the European standard EN1993-1-1. The results recommended four rows of fasteners
per batten panel. The results suggested an optimal distance of 30i,,,, between batten panels. The results showed
a close agreement between finite element and analytical predictions from EN1993-1-1, following the procedure
specified in clause 6.3.1, adopting the modified slenderness ratio from the American Specification AISI S100-16.
Reliability analysis was also performed to evaluate the analytical methods by targeting a reliability index of
2.5. The results showed that the analytical prediction following the EN1993-1-1, clause 6.3.1, incorporated
with the recommended slenderness ratio from the AISI S100-16, is a reliable analytical procedure for CFS
battened columns.

1. Introduction knowledge of how these sections behave is still restricted. Because

CFS built-up sections are composed of individual profiles and batten

As an effective substitute for hot-rolled steel, cold-formed steel
(CFS) has been widely used in various structural applications in recent
years. Lighter, stronger, more environmentally friendly, and less ex-
pensive to maintain are just some benefits CFS-built structures provide
over their hot-rolled alternatives. Moreover, the CFS built-up sections
cover various applications such as columns, beams, and even diagonally
strap-braced stud walls [1-4]. The cold-formed steel profiles have
high strength-to-weight ratios; however, their load-bearing capacity is
relatively low. This low load-bearing capacity is due to their thin walls
and sensitivity to local buckling phenomena. CFS profiles’ potential low
load-bearing capacity can be addressed using the possibility of com-
bining multiple individual shapes known as CFS built-up sections. CFS
built-up sections are usually created by fastening individual sections
together. Another way to create CFS built-up sections is to connect
individual profiles using batten panels. CFS built-up While individual
profiles may be used to develop an extensive range of built-up mem-
bers with various cross-section shapes and capabilities, fundamental
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plates connected by fasteners, the buckling modes and interactions
are very different from those seen in individual profiles. Furthermore,
the distance between the batten panels and the number of fasteners
per batten panel can impact the prevalent buckling modes and the
actual efficiency of the composite action between the existing profiles.
Because accounting for partial or full composite action is essential when
working with built-up battened columns, developing tailored design
methods must be used in practice.

Despite the various advantages of CFS built-up battened sections,
the available design codes [5,6] rarely provide specialized design in-
structions. Even though EN 1993-1-3 [5] offers a global buckling curve
for calculating the buckling resistance of a limited number of individual
and built-up sections, it does not include particular design requirements
for built-up battened sections. While critical parameters such as the
maximum distance between the batten panels and the optimal number
of fasteners per batten panel can significantly influence the behavior
of CFS built-up battened columns, there are no specific criteria to

E-mail addresses: rahnavard@uc.pt, rahnavard1990@gmail.com (R. Rahnavard), heldercraveiro.eng@uc.pt (H.D. Craveiro).

https://doi.org/10.1016/j.tws.2022.110390

Received 19 July 2022; Received in revised form 12 October 2022; Accepted 20 November 2022

Available online xxxx

0263-8231/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.tws.2022.110390
https://www.elsevier.com/locate/tws
http://www.elsevier.com/locate/tws
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tws.2022.110390&domain=pdf
mailto:rahnavard@uc.pt
mailto:rahnavard1990@gmail.com
mailto:heldercraveiro.eng@uc.pt
https://doi.org/10.1016/j.tws.2022.110390
http://creativecommons.org/licenses/by-nc-nd/4.0/

. Rahnavard, M. Razavi, N. Fanaie et al.

Thin-Walled Structures 183 (2023) 110390

Notation

A
Ach

M,, F,, Vi,
and Vj

€

Area of a cross section

Cross-sectional area of one chord

Effective area of a cross section

Modulus of elasticity

Second moment of area of a cross section
Second moment of area of one batten panel
Correction factor in reliability analysis
Second moment of area of one chord
Effective second moment of area of a
cross-section

Spring stiffness per unit length of a stiffener
Length of a member

Effective length of a member

Design buckling resistance of a compression
member

Design resistance of steel cross-section un-
der compression

Elastic buckling force

Elastic flexural buckling force of a battened
compression built-up member

Elastic flexural buckling force of a battened
compression effective built-up member
Elastic flexural buckling force

Elastic torsional buckling force

Elastic torsional-flexural buckling force
Shear stiffness of a built-up battened mem-
ber

Distance between batten panels

Statistical parameters in the reliability anal-
ysis

Coefficient of the variation of the mean load
effect in the reliability analysis

Number of models in reliability analysis
Degree of freedom in the reliability analysis
Distance between fasteners in the direction
of load transfer

Yield strength

The end distance from the center of the
fastener to the adjacent end of the batten
panel, in the direction of load transfer

The edge distance from the center of the
fastener to the adjacent end of the batten
panel, perpendicular to the direction of load
transfer

Width of a cross-section, plate width
Height of a cross-section

Distance between the centroids of chords
Number of batten panels

Radius of gyration of a cross-section
Minimum radius of gyration of the full unre-
duced cross-sectional area of an individual
shape in a built-up member

Plate thickness

determine them. Moreover, no specific criteria exist to determine the
effective composite action among CFS profiles connected using batten

panels. The EN 1993-1-1 [7] offers design suggestions for limited

D, Safety factors for the available axial
strength based on the Limit States Design
(LSD)

2 Slenderness of a compression element

a Imperfection factor

M1 Partial factors for resistance of members

Efficiency factor

Poisson’s ratio

Reduction factor for relevant buckling mode
Reliability index

S =X <X

Resistance factor

battened compression members that do not even include the distance
between batten panels and the required fasteners to obtain a full
composite action.

Recently, a substantial study has been conducted examining the
behavior of CFS built-up members [8-27]. Rahnavard et al. [8,9]
numerically investigated the effect of the number of fastener rows
per batten panel and the optimal distance between the batten panels.
Their study was focused on CFS built-up battened columns created
by double C-shaped profiles. They also investigated the effect of the
geometric shape of the batten panel by comparing a flat batten panel
with a U-shaped one. Their results recommended the optimal layout of
three rows of fasteners per batten panel. A series of built-up specimens
were tested under compression by Dar et al. [10-16] to investigate the
spacing effect between individual profiles. The individual lipped chan-
nels were arranged back-to-back with specific spacing. They examined
the key parameters, such as the maximum load-bearing capacity and
failure modes. Their specimens’ slenderness covered a suitable range
in which the local and global failure modes were seen in their tests.
They compared their experimental results with the design approach,
including the EN1993-1-3 [5] and the AISI S100 [6], resulting in a more
accurate axial load prediction following the EN1993-1-3 [5].

Reyes and Guzman [17] assessed the impact of the slenderness ratio
in CFS built-up box sections by testing 48 experimental specimens.
Their CFS built-up columns were created using two C-shaped profiles
connected by seam welds with varying spacings. Their results indicated
that the modified slenderness provided in the AISI S100 [6] does not
necessarily apply to the built-up members with thicknesses of 1.5 and
2 mm and seam weld spacing of less than 600 mm. An experimental
and numerical study on the axial behavior of CFS built-up section
columns with batten panels was carried out by Dabaon et al. [18-20].
They compared the experimental and numerical results with analytical
predictions from available design codes, including the AISI S100 [6],
the Australian/New Zealand Standard [21], and the EN 1993-1-3 [5].
Their results showed that the code predictions were unconservative for
those specimens that failed by local mode, while for those that failed
by global mode, a conservative prediction was achieved.

El Aghoury et al. [22-24] studied the axial behavior of CFS built-
up battened columns under concentric and eccentric axial loads. They
tested battened columns where four CFS angles were fastened using
batten panels. They compared their failure load obtained from the tests
and simulation with analytical prediction according to the EN1993-1-
3 [51], resulting in the accuracy of the EN1993-1-3 [5] design procedure.
Moreover, their results indicated that the design procedure might have
errors when the failure mode is due to the interaction of local and
global buckling modes. However, the design predictions are unsafe for
the column with medium slenderness when the interaction between
individual members characterizes the failure modes. A series of ex-
perimental tests and numerical analyses were carried out by Anbarasu
et al. [25], focusing on CFS built-up battened columns made of lipped
angles. They compared the maximum load-bearing capacity obtained
from the tested specimens and numerical models with the analytical
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prediction following the Australian/New Zealand Standard [21] and
the EN1993-1-3 [5]. According to EN1993-1-3 [5], the predictions were
safe only for the relatively long CFS built-up battened columns, while
unsafe predictions were for the relatively short ones.

Fratamico et al. [26,27] tested sixteen CFS built-up columns with
different back-to-back lipped channels. Their results showed that the
composite action was achieved most likely when more isolated global
buckling occurred. Moreover, their results indicated a higher load-
bearing capacity using more fasteners connecting the lipped chan-
nel’s webs. Zhang and Young [28-31] evaluated the CFS built-up
columns using tests and simulations in which the CFS profiles with
web stiffeners were used. They compared the maximum load-bearing
capacity with the analytical prediction from the AISI S100 [6] and
the Australian/New Zealand Standard [21], resulting in the excellent
applicability of the AISI S100 [6]. The applicability of the AISI S100 [6]
for different types of CFS profiles was investigated in large sets of
parametric studies [32-36]. A comprehensive study was conducted by
Rasmussen et al. [37], which discussed the composite action of built-up
CFS components. They considered the effect of the fasteners’ location
and effective flexural rigidity to explain the composite action between
the individual profiles. Other CFS built-up columns, including built-
up Double-Z members, were also investigated using experimental and
numerical models [38-56].

Although some studies were performed recently on CFS built-up
battened columns, their behavior still needs to be explored more.
Additional research related to the design of CFS built-up battened
sections is essential to understand their behavior better and develop
the design procedures. Moreover, further investigations are necessary
to determine the optimal layout to achieve composite action among CFS
profiles. This study evaluates the CFS built-up battened columns (two
XY-shaped) under axial compression. An extensive set of finite element
models were simulated using the Abaqus [57]. Seventeen experimental
specimens of CFS built-up battened columns were selected from the
literature to validate the numerical models. The optimal number of
fasteners per batten panel and the distance between the batten panels
were determined using static displacement control analysis on 100
models. Then, 600 models with different lengths and spacings using
the optimal configuration are presented. The load-bearing capacities of
these 600 finite element models are compared with the design predic-
tions according to EN 1993-1-3 [5]. The available design procedures in
EN 1993-1-3 [5] are discussed and modified.

2. Description of the research study

2.1. The concept of the present study

This paper aims to present the optimal number of fastener rows and
the distances between the batten panel, representing a composite action
between the individual CFS X-shaped profiles. The built-up battened
columns were assembled using two CFS X-shaped profiles connected
using batten panels. The batten panels are fastened to the flanges of
the CFS X-shaped profiles. The optimal number of the fastener rows
per batten panel to reach a composite action between two CFS profiles
is unclear. Therefore, the effect of the number of fasteners rows was
considered by examining 1 row to 6 rows of fasteners per batten, as
shown in Fig. 1. These CFS X-shaped profiles can be positioned at
various spacings; as a result, different geometries and load-bearing
capacities depending on the design requirement, can be achieved. This
study covers different profile spacings by considering five 4/ ratios
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as 1.75, 1.50, 1.25, 1.00, and 0.75 (See Fig. 2). These attached batten
panels are spaced differently throughout the column’s length to obtain
the optimal distance between the batten panels. The EN1993-1-1 [7]
recommends 15i,,;, and 70i,,, for limited CFS built-up configurations,
where i,,;, is the minimum radius of gyration of an individual CFS
profile. However, the optimal distance between the batten panels still is
unclear for the built-up battened column to achieve composite action.
This study investigates the batten panels with a distance of (d,) 15i,,,,
304 1> 45i,in> and 70i,,;, to address the mentioned limitation.

min

2.2. The geometry details

This paper presents a numerical study on the composite action
of CFS built-up battened columns. 12 X-shaped CFS profiles were
considered for this study to cover a broader range of available profile
sizes and, consequently, wider slenderness. The geometry details of
individual CFS profiles are shown in Fig. 3. Each built-up battened
column includes two CFS X-shaped profiles, in which the profiles are
connected using the batten panels along the length of the column. The
batten panels are fastened to both X-shaped profile flanges, as indicated
in Fig. 4. Self-drilling screws were considered with a diameter (d) of
6.3 mm and a length of 35 mm. The general demand for the end
distance (e¢;), edge distance (e,), and distance between the fasteners
(d ;) were defined according to the requirements provided by EN1993-
1-3 [5]. According to EN 1993-1-3 [5], the end distance from the center
of the fastener to the adjacent end of the batten panel, in the direction
of load transfer and distance between the fasteners (d;) should be
greater than three times the fastener hole (¢; > 3d and d, > 3d).
Moreover, the edge distance from the center of the fastener to the
adjacent end of the batten panel, perpendicular to the direction of load
transfer, should be greater than 1.5 times the fastener hole (e, > 1.5d).
As shown in Fig. 4, the distance between the fasteners (d ) was 20 mm
for all models. The end distance from the center of the fastener to the
adjacent end of the batten panel was considered 25 mm and 21.5 mm
in the direction of load transfer (e;) and perpendicular to the direction
of load transfer (e,).

Different column lengths, including 2000 mm, 3000 mm, 4000 mm,
5000 mm, and 6000 mm, were considered for each CFS built-up bat-
tened column. Two boundary conditions, including pinned and fixed,
were investigated in this study. Table 1 lists the information on the
models utilized in this study, including their identifying codes.

2.3. Numerical modeling

2.3.1. Material properties

S280GD+Z steel was utilized in this work for both CFS X-shaped
profiles and batten panels. This study considered the mechanical char-
acteristics of S280GD+Z steel conducted by Craviero et al. [58-61]. The
stress—strain curve obtained from tensile coupon testing on S280GD+Z
steel [58-61] is shown in Fig. 5. The CFS material was defined using
the Abaqus elastoplastic model [57]. Young’s modulus and Poisson’s
ratio are required to model steel materials’ elastic characteristics. Ac-
cording to the tensile coupon test [58-61], Young’s modulus was 204
GPa. Poisson’s ratio was assumed to be 0.3. The plastic behavior was
defined using a true stress—strain curve. The true stress—strain curve
was converted using the plastic range of the engineering stress—strain
curve (Fig. 5). Note that isotropic hardening was chosen to determine
the plastic’s characteristics. According to the tensile coupon test [58-
61], the proportional stress limit was 212.5 MPa. Moreover, the yield
stress was 306.81 MPa. The ultimate stress and associated strains were
424.04 MPa and 20%, respectively.



R. Rahnavard, M. Razavi, N. Fanaie et al. Thin-Walled Structures 183 (2023) 110390

Fig. 1. Example of a battened column with (%/s =0.75) and various fasteners rows per batten panel. (a) one row, (b) two rows, (c) three rows, (d) four rows, (e) five rows, and
(f) six rows.

Fig. 2. The battened columns with varied #/» ratio.
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. h hy t
(mm) | (mm) | (mm)
150x43x2 150 | 10 | 2
150x43x2.5 150 | 110 | 2.5
150x43x3 150 | 110 | 3
170x43x1.5 170 | 130 | 15
170x43x2 170 | 130 | 2
170x43x3 170 | 130 | 3
200%43x1.5 | 200 | 160 | 1.5
200%43x2 200 | 160 | 2
200%43x3 200 | 160 | 3
220%43x1.5 | 220 | 180 | 15
220%43x2 20 | 180 | 2
220x43x3 20 | 180 | 3

Fig. 3. Geometry details of individual CFS profiles.

e;=25mm >3d=3%6.3=18.9 mm
e;=21.5mm > 1.5d = 1.5%6.3 = 9.45 mm
dy=20 mm = 3d = 3%6.3 = 18.9 mm

Fig. 4. Geometric details of the battened column.
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Table 1
The finite element models.
Models series Number of Column length, Batten panel Batten panel fp Number of
models L (mm) distance, d,, (i,;,) thickness (mm) fasteners rows
23150 x 43 X 2 50 2000 to 6000 30 2 1.75, 1.50, 1.25, 1.00, and 0.75 4
23150 x 43 x 2.5 50 2000 to 6000 30 2 1.75, 1.50, 1.25, 1.00, and 0.75 4
22150 x 43 x 3 50 2000 to 6000 30 2 1.75, 1.50, 1.25, 1.00, and 0.75 4
23170 x 43 x 1.5 50 2000 to 6000 30 2 1.75, 1.50, 1.25, 1.00, and 0.75 4
23170 x 43 X 2 50 2000 to 6000 30 2 1.75, 1.50, 1.25, 1.00, and 0.75 4
23170 x 43 X 3 50 2000 to 6000 30 2 1.75, 1.50, 1.25, 1.00, and 0.75 4
23200 x 43 x 1.5 50 2000 to 6000 30 2 1.75, 1.50, 1.25, 1.00, and 0.75 4
23200 x 43 X 2 150 2000 to 6000 15, 30, 45, 70 2 1.75, 1.50, 1.25, 1.00, and 0.75 1,2, 3,4,5, and 6
23200 x 43 x 3 50 2000 to 6000 30 2 1.75, 1.50, 1.25, 1.00, and 0.75 4
X220 x 43 x 1.5 50 2000 to 6000 30 2 1.75, 1.50, 1.25, 1.00, and 0.75 4
X220 x 43 x 2 50 2000 to 6000 30 2 1.75, 1.50, 1.25, 1.00, and 0.75 4
X220 x 43 x 3 50 2000 to 6000 30 2 1.75, 1.50, 1.25, 1.00, and 0.75 4

600 n - :
——Engineering stress-strain curve
——True stress-strain curve

500

400

=
-
§ 300
2200
100
0
0 0.06 0.12 0.18 0.24 0.3
Strain
Fig. 5. Stress-strain diagram of the S280GD+Z [58-60].

2.3.2. Interactions and meshing

Proper interactions to specify the contact between batten panels and
profiles are critical parameters for successful numerical modeling. The
surface-to-surface interaction was selected for defining the interaction
among all parts. Contact properties were defined, including normal
(hard contact) and tangential (coefficient of 0.2).

Three modeling techniques were employed to model the self-drilled
fasteners:

- A combination of beam connectors and fasteners: the beam con-
nector specifies the connection between two nodes on two sur-
faces in this approach. From one surface to another, the “fastener”
tool attached the actual radius of the fasteners to the beam
connection. Fig. 6 illustrates a combined “beam connector and
fastener”.

- Modeling the actual self-drilled fasteners using solid elements: for
this modeling technique, the elastic and plastic material property

was defined according to the stress—strain curve presented for
self-drilling [62,63].

A combination of Cartesian connector and fastener: the Cartesian
connector specifies the connection between two nodes on two
surfaces in this approach. In this modeling approach, the shear
stiffness of the self-drilled fastener was defined according to the
experimental tests conducted by Huynh et al. [62].

2.3.3. Imperfection, boundary conditions, and loading

Fig. 6 shows the details of boundary conditions and loading. Two
reference points, RP-1 and RP-2, were coupled to the column ends.
Two boundary conditions, including pinned and fixed, were considered
in this study. As is shown in Fig. 6, only three transitional directions
Uy, Uy, and U,) were restrained from defining the pinned boundary
condition. The transitional direction (U,, Uy, and U,) and the rotational
movements (6,, 0y, and 6,) were also blocked to define the fixed
boundary condition. However, it should be mentioned that one of the
reference points (RP-2) was free to move transitionally in the longitu-
dinal direction to be axially loaded. No relative movement between the
individual elements of the built-up member could occur because both
column ends were coupled to the reference points.

Linear buckling analysis and nonlinear general static analysis avail-
able in the Abaqus [57] were used in this study. The linear buckling
analysis was undertaken to obtain the buckling mode shapes. These
buckling mode shapes were used to define the initial imperfection for
the CFS profiles. A combination of local and flexural buckling modes
was proposed to determine the initial imperfection. Previous research
studies suggested the imperfection amplitude of 1/1000 of the column
length for global buckling mode. Craveiro et al. [60] proposed a value
of 1/200 of the section height as amplitude for the local buckling mode.
However, the readers should be aware that EN 1993-1-1 [7], clause
6.4.3, recommended L/500 for the battened columns.

Moreover, a sensitivity analysis was performed by Rahnavard et al.
[8,9] that showed an accuracy of axial load prediction by selecting
1/1000 of the column length for the global buckling mode and 1/200
of the section height as amplitude for the local buckling mode. Fig. 7
shows examples of selected buckling modes for the 22200 x 43 x 2
model. The defined initial geometric imperfection modes depicted in
Fig. 7 include global buckling (Fig. 7-a) and local buckling (Fig. 7-b).
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Element type : S4R

Meshsize : 10 mm

~
\ ~

\

~

\

. HU RBU AU,
Pinned X y z
DOXEIOYIGZ
. Hy BU AU
Fixed X y z
HO, O, M0,

Uy, 00,

Pinned
0oe,06,mo,

Fixed n Uy u Uy uu, Beam connector + fastener
HO,HO,HO,

Fig. 6. Finite element modeling.

b)

Fig. 7. The used buckling modes as initial imperfection; (a) global and (b) Local.
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200

BEXP

B FEM-beam connector+fastener

180 B FEM-solid element

160 B FEM-Cartesian connector+fastener

Axial force (kN)
L . .
[} S (=) [« [—) (] N
[—) [—] [—) [—) [—) (=] (=)

T2T-0-175

T2T-100-176

Fig. 8. Axial force for experimental tests [10] and numerical modeling with different
modeling approaches.

BS-2-600-EXP

= = =BS-2-600-FEM
BS-2-1000-EXP
— = =BS-2-1000-FEM
BS-2-1500-EXP
v — — —BS-2-1500-FEM
BS-2-2000-EXP
= = =BS-2-2000-FEM
N BS-2-2400-EXP
-~ _~— = —BS-2-2400-FEM

Axial force (kN)
[=2) o
< =}

]
=]

0 2 4 6 8 10
Displacement (mm)

Fig. 9. Force vs. shortening displacement curves for experimental specimens [11] and
numerical models.

2.3.4. Finite element modeling validation

In this section, previous studies’ experimental tests were selected
and modeled using the mentioned techniques in Section 2. Two CFS
built-up battened columns (T2T-0-175 and T2T-100-175) were selected
from the experimental work conducted by Dar et al. [10] to compare
the modeling techniques used for self-drilled fasteners. Two U-shaped
CFS profiles were connected in the experimental specimens by employ-
ing batten panels of 6 mm thickness and 5 mm diameter self-drilling
screws. The U-shaped CFS profiles had a web depth of 100 mm, a flange
width of 25 mm, and a thickness of 2 mm. The distance between the
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batten panels along the columns was 175 mm. Moreover, The spacing
between the U-shaped CFS was 0 mm and 100 mm for T2T-0-175 and
T2T-100-175, respectively.

Fig. 8 compares the axial load-bearing capacity obtained from the
experimental tests [10] and numerical models with different mod-
eling approaches. For the case of T2T-0-175, the axial load-bearing
capacity obtained from the experimental test was 71.5 kN. The nu-
merical results showed 75.5 kN, 74.2 kN, and 68.58 kN for ‘“beam
connector+fastener”, solid element, and “beam connector+fastener”,
respectively. By comparing the results for T2T-0-175, it can be seen
that all modeling approaches predicted the experimental results well.
A similar conclusion was obtained for the case of T2T-0-175. The
axial load-bearing capacity obtained from the experimental test was
163.01 kN. The numerical results showed 164.13 kN, 163.98 kN, and
161.94 kN for “beam connector+fastener”, solid element, and “beam
connector+fastener”, respectively. Therefore, it can be concluded that
the simplified connector+fastener technique can represent the self-
drilling fastener behavior as accurately as the actual solid element. In
addition, modeling the actual fastener using solid elements required
much computational calculation and was a time-consuming modeling
approach. Consequently, the simplified connector+fastener technique
was used in the following.

Additional experimental tests were selected and modeled using the
mentioned “beam connector+fastener” techniques. Five CFS battened
column specimens with various lengths from a research study con-
ducted by Dar et al. [11] were modeled. The selected CFS built-up
battened column specimens were with a lengths of 600 mm (BS-2-600),
1000 mm (BS-2-1000), 1500 mm (BS-2-1500), 2000 mm (BS-2-2000),
and 2400 mm (BS-2-2400). The axial force vs. vertical displacement
curves obtained from the finite element models and experimental spec-
imens were compared (Fig. 9). As shown in Fig. 9, the finite element
models predicted the axial capacity of the experimental CFS built-up
battened columns.

Two more built-up CFS experimental column specimens [61] with
rectangular (R-2X+2U) and square (S-2X+2U) section shapes were
considered to verify the numerical models employed in this work. The
experimental CFS built-up column specimens were built using CFS X-
shaped and U-shaped with a thickness of 1.5 mm. The length of the
selected CFS built-up column specimens was 1050 mm. More infor-
mation about the experimental specimens is available in [61]. Fig. 10
compares the experimental and numerical results for the rectangular
CFS built-up column in load-bearing capacity and buckling deforma-
tions. Very similar load-bearing capacity and deformation can be seen,
indicating excellent agreement between experimental and numerical
results. A similar conclusion can be made for the square CFS built-up
column, as shown in Fig. 11.

Ten more built-up CFS experimental column specimens composed
of two X-shaped CFS profiles [30] were considered to investigate
the reliability of the modeling techniques used in this paper. The
experimental CFS built-up box column specimens were built using two
CFS with edge and web stiffeners. Two thicknesses, including 0.48 mm
and 1.00 mm, were considered according to the experimental study
by Zhang et al. [30]. Different lengths were selected for CFS built-
up box columns, including 300 mm, 800 mm, 1400 mm, 2000 mm,
and 3200 mm. More information about the experimental specimens is
available in [30]. A comparison of the maximum axial load obtained
from experimental specimens and numerical models is listed in Table 2.
The experimental tests [24] and the numerical models showed a similar
load-bearing capacity, indicating excellent agreement between exper-
imental and numerical results (<7%). These close agreements show
that presented finite element modeling techniques can be reliable for
performing this parametric study.
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Fig. 10. Comparison of the experimental [61] and numerical results for rectangular built-up X-shaped.
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Fig. 11. Comparison of the experimental [61] and numerical results for square built-up X-shaped.

Table 2

Comparison of the test [30] and modeling axial capacities.
Specimen ID Axial load-bearing capacity (kN) FEM/Exp Specimen ID Axial load-bearing capacity (kN) FEM/Exp

EXP FEM

VTO0.48L300 43.30 45.2 1.04 VT1.0L300 137.6 138.19 1.00
VTO0.48L800 41.20 43.05 1.04 VT1.0L800 135.2 131.47 0.97
VT0.48L1400 39.50 41.75 1.06 VT1.0L1400 129.8 123.82 0.95
VT0.48L2000 37.70 39.15 1.03 VT1.0L2000 127.9 119.95 0.93
VTO0.48L3200 31.70 34.05 1.07 VT1.0L3200 81.9 79.15 0.97
Mean value 1.04 Mean value 0.96
Standard deviation 0.01 Standard deviation 0.02
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3. Results and discussion
3.1. The optimal number of fasteners per batten panels

The effect number of fastener rows is investigated in this section.
For this purpose, the force versus displacement curve for CFS built-
up battened columns with a different number of fastener rows varying
from one row to six rows were compared in Figs. 12 and 13. The
CFS built-up battened column of 22200 x 43 x 2 with a length
of 3000 mm was chosen for this comparison. The distance between
batten panels was considered L/4 for models. Although the axial load-
bearing capacity analysis was performed for all h/b ratios (Fig. 2),
this section presents the axial force-displacement curve for the models
with A/b = 0.75 and 1.75, and the maximum capacity of the other
models was compared in Fig. 14. As seen for the battened column with
both fixed ends (Fig. 12a) and pinned end (Fig. 12b) for /b = 0.75,
the axial load-bearing capacity increased by increasing the number of
fastener rows. As shown in Fig. 12a, when the number of fasteners
rows of the battened column with fixed ends increased from one to
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2 rows of fasteners
350 3 rows of fasteners
e 4 rows of fasteners
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5 a0 | AL e 6 rows of fasteners
R
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S
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four, the load-bearing capacity increased from 255.28 kN to 294.97
kN, indicating that the axial capacity improved by 15%. However,
the increase in axial load-bearing capacity is negligible (less than 4%)
when the fasteners row per batten panel rises from four to five and
six. A similar comparison for the pinned battened column is visible in
Fig. 12b. When the h/b ratio was 1.75, as shown in Fig. 13, the axial
load-bearing capacity of the battened column with fixed ends (Fig. 13a)
and pinned ends (Fig. 13b) increased with the number of rows of
fasteners. Fig. 13a demonstrated a 14% improvement in axial capacity
when the number of fastener rows in a battened column with fixed ends
was increased from one to four. However, going from four to five or
six fasteners per batten panel only results in a little boost in axial load-
bearing capacity. Comparing Figs. 12 and 13 shows that the differences
between the capacity of the fixed and pinned battened columns are
remarkable when the h/b ratio was 1.75, while for A/b = 0.75, this
difference was ignorable, resulting in less composite action between
CFS profiles when their spacing increased.

A summary of the maximum axial load of the battened column
with different h/b ratios is shown in Fig. 14 to investigate the effect
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Fig. 12. Force-shortening displacement curves for a battened column with A/b=0.75 and the different number of fastener rows per plate; (a) fixed ends and (b) pinned ends.
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Fig. 13. Force-shortening displacement curves for a battened column with A/b=1.75 and the different number of fastener rows per plate; (a) fixed ends and (b) pinned ends.
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Fig. 14. The effect of the number of fastener rows per batten panel; (a) fixed ends and (b) pinned ends.
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Fig. 15. The effect of the number of fastener rows with (a) the same batten panel dimension and (b) different batten panel dimensions.

of the number of fastener rows for more cases of the battened column
geometry. The h/b ratios are explained in Fig. 2 and Table 1. Both
fixed and pinned boundary conditions were evaluated. This comparison
is for the CFS built-up battened column of 2X200 x 43 x 2 with a
length of 3000 mm and batten panel distance of L/4 (725 mm). As
can be seen, by increasing the number of fastener rows up to four per
batten panel, the load-bearing capacity increased remarkably; however,
with more than four rows of fasteners, the axial load improvement
is ignorable. Therefore, the four rows of fasteners were selected as
the optimal number of fasteners. This study suggests that the more
fastener rows there are, the closer the composite action’s behavior is
to be detected. It is worth mentioning that the previous study [4] for
CFS built-up sections with different profile shapes (C-shaped profiles)
suggested the battened column with three rows of fasteners per batten
panel as the optimal layout.

It should be noted that the shear forces of the fasteners were
always less than the shear strength of the self-drilled fasteners (12
kN, according to [62]). Furthermore, for the chosen experimental
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tests, there were no significant shear deformations along the columns’
length or boundary conditions [30,61]. In addition, no significant
shear deformation was reported in the experimental built-up columns
with battened panels [10,11]. Moreover, this study’s simulation of the
boundary condition involved coupling each column end to a reference
point (RF1 and RF2). Since this is the case, the nodes at the column ends
must move simultaneously. At the boundary conditions of the profiles,
there are no relative deformations (shear deformations). For the same
reason, batten panels close to the column end (50 mm) were used to
avoid shear deformations.

It should be noted that the width of the battens was increased to
facilitate the inclusion of a larger number of fasteners. Therefore, a
more detailed study was performed to discuss further the effect of
increasing the batten’s stiffness and the number of fasteners. For this
purpose, the CFS built-up battened column of 2¥200 x 43 x 2 with
a length of 3000 mm was chosen for this comparison. The distance
between batten panels was considered L/4 for models. Fig. 15a shows
the axial load ratio for battened columns when the number of rows of
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fasteners increases from 2 to 6, and the plate width (a,, in Fig. 4) was
considered 150 mm. Similarly, Fig. 15b shows the axial load ratio for
battened columns when the number of fasteners rows increases from 2
to 6, and the plate width increases from 75 mm to 150 mm to facilitate
the inclusion of a more significant number of fasteners.

As shown in Fig. 15a, by increasing the number of fastener rows
and keeping the batten panel width (a,,) the same, the axial capacity of
the battened columns was increased. However, the axial capacity of the
battened columns was increased more significantly when the number
of fastener rows and the width of the batten panels were increased
(Fig. 15b). Therefore, it is concluded that increasing the axial load-
bearing capacity due to the number of fasteners also affected the batten
panel’s stiffness.

3.2. The optimal batten panels distance

The axial force vs. displacement curves for battened CFS built-up
columns with various batten panel distances are depicted in Figs. 16
and 17. Note that the column length is 3000 mm, and the h/b is 0.75
and 1.75. Four rows of fasteners per batten panel were used, aiming
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to make a composite action between two X200 x 43 x 2 profiles.
The batten panels’ distances vary by 15i,,,, 30i,,n> 45i,in, and 70i,,;,.
For the case of the battened columns with h/b of 0.75 and fixed ends
(Fig. 16a), when the batten panel distance is 70i,,, the capacity is
254.34 kN. By decreasing the distance to 30i,,,, the axial capacity
increases to 339.17 kN, showing a 33.3% enhancement. However, by
reducing the distance by 50% (15i,,,), the axial capacity increases only
1.5%. Similarly, for the battened column with h/b of 0.75 and pinned
ends (Fig. 16b), the decreasing distance between batten panels up to
30i,,, increases the axial bearing capacity significantly. More reduction
of batten panel distance than 30i,,, slightly affects the axial behavior.

For the case of the battened columns with h/b of 1.75 and fixed
ends (Fig. 17a), when the batten panel distance is 70i,,, the capacity
is 254.09 kN. By decreasing the distance to 30i,,,, the axial capacity
increases to 325.01 kN, showing a 27.9% enhancement. However, by
reducing the distance by 50% (15i,,,), the axial capacity increases only
0.5%. Similarly, for the battened column with h/b of 0.75 and pinned
ends (Fig. 17b), the decreasing distance between batten panels up to
30i,,, increases the axial bearing capacity significantly. More reduction
of batten panel distance than 30i,,, slightly affects the axial behavior.
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Fig. 16. Axial force vs. displacement curves for the battened column with #/b = 1.75 and various batten panel distances (a) fixed column ends and (b) pinned column ends.
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Fig. 17. Axial force vs. displacement curves for the battened column with #/b=1.75 and various batten panel distances (a) fixed column ends and (b) pinned column ends.
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Fig. 18. The effect of the batten panel distance of battened column with: (a) fixed ends and (b) pinned ends.

Comparing Figs. 16 and 17 shows that the differences between the
capacity of the fixed and pinned battened columns are remarkable
when the h/b ratio was 1.75, while for 4/b = 0.75, this difference was
ignorable, resulting in less composite action between CFS profiles when
their spacing increased.

For more evaluation of the effect of batten panel distance on the
compression capacity of battened columns, various h/b ratios following
Fig. 2 and Table 1 were analyzed. A comparison of the maximum
capacity of battened columns with different h/b ratios and various
batten panel distances is shown in Fig. 18. For battened columns with
fixed ends (Fig. 18a), the axial load-bearing capacity increases by
decreasing batten panel distance, showing a significant effect.

Moreover, the batten panel distance considerably impacts the pined
battened columns’ axial compression capacity (Fig. 18b). Therefore,
it is concluded that the optimal batten panel distance for the investi-
gated configuration is 30i,,,. This finding agrees with the suggestion
provided by Rahnavard et al. [8,9] for the battened CFS columns
containing two C-shaped profiles.

The EN1993-1-1 [7] specified a maximum distance of 70i,,, and
15i,,;, between connectors for various built-up designs. This paper
proposed a minimum batten panel distance of 30i,;, and four rows
of fasteners per batten panel for CFS built-up column sections to
accomplish composite action. Note that this suggestion is only valid
for the sections under this investigation. More investigation, including
experimental tests and numerical modeling of different geometries and
slenderness, is essential to obtain a reliable conclusion for a wider range
of cross-sections.

3.3. The effect of the stiffness of the self-drilled fastener

This section discussed the effect of self-drilling stiffness. For this
purpose, four different stiffness values ranging from 5.5 kN/mm to
55 kN/mm were considered according to the experimental study con-
ducted by Huynh et al. [62]. The CFS built-up battened column (two
2200 x 43 x 2 profiles) with a length of 3000 mm and an h/b ratio
of 0.75 was considered. The h/b ratio of 0.75 was selected because the
shear force effect for the battened column with larger spacing between
CFS profiles (h/b ratio of 0.75) is more considerable than those with
h/b ratios of 1.75, 1.50, 1.25, and 1.00. Fig. 19 compares the effect
of the stiffness of the self-drilled fasteners for fixed and pinned CFS
battened columns. As can be seen, by increasing the stiffness of the self-
drilling fasteners, the axial load-bearing capacity increased—however,
this increase is remarkable up to a certain level of the self-drilling
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Fig. 19. The effect of the stiffness value on the axial load-bearing capacity.

stiffness. For the fixed column, by increasing the fasteners’ stiffness
from 5.5 kN/mm to 25 kN/mm, the axial capacity increased from
233.51 kN to 319.47 kN, indicating a 36.8% improvement. However,
by increasing the fasteners’ stiffness from 25 kN/mm to 55 kN/mm,
the axial capacity increased only 0.4%. A similar conclusion can be
achieved for the pinned CFS battened columns.

3.4. Failure mode

This section discussed the obtained failure mode for the CFS built-up
battened columns. For this purpose, the failure model for the battened
column of 2¥200 x 43 x 2 with the distance between batten panels of
30i,,, was selected as suggested in Section 3.2. The column length of
2000 mm, 3000 mm, 4000 mm, 5000 mm, and 6000 mm was selected.
Each batten panel fastened the CFS profiles using four rows of fasteners
as recommended in Section 3.1. The h/b ratio of 1.75 with pinned
boundary conditions has been considered in this section. Fig. 20 shows
the failure mode for each CFS built-up battened column with different
lengths.

Flexural and local buckling about the minor axis was the major
buckling mode for the CFS battened column with lengths of 2000 mm
(see Fig. 20a). The buckling deformation at the maximum load results
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Fig. 20. Failure mode for the CFS built-up battened column with an h/b ratio of 1.75 and a length of (a) 2000 mm, (b) 3000 mm, (c) 4000 mm, (d) 5000 mm, and (e) 6000 mm.

from the combination of flexural and local deformations. One of the
X-shaped profiles had its web moved inward, causing a distortional
buckling in the flanges.

All other models of CFS battened columns with lengths more than
2000 mm failed due to global flexural buckling about the minor axis
(Fig. 20b—e). Flexural buckling about the minor axis, positioned be-
tween the batten panels at mid-span, is the most common failure mode,
as depicted in Fig. 20b—e. For the case of the CFS column with a length
of 3000 mm, a flexural with a minor local buckling was seen (Fig. 20b).
There was no evidence of local buckling at the maximum load for the
columns with lengths of 4000 mm, 5000 mm, and 6000 mm (Fig. 20c~
e). However, some local deformations are seen at significant lateral
deformations (at the end of loading).

4. Parametric study and analytical approaches
4.1. Parametric study

The optimal distance between batten panels and the number of
fastener rows per batten panel for a battened column configuration
with double X-shaped profiles to have a full or partial composite action
was discussed in Section 3. Section 3 suggested the optimal distance
between batten panels as 30i,,,. Moreover, four rows of fasteners per
batten panel were recommended as the optimal number of fasteners
rows. This section uses 600 finite element models and compares them
with analytical approaches. Twelve battened column sections were
selected. All models were in lengths, including 2000 mm, 3000 mm,
4000 mm, 5000 mm, and 6000 mm. The h/b ratios, including 1.75,
1.50, 1.25, 1.00, and 0.75, were also considered to expand the results
for a wider range of spacing. The details of the models can be found in
Table 1.
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4.2. Reliability analysis

Reliability analysis was carried out in this research to compare pre-
dictions obtained from different analytical methodologies. Reliability
analysis represents the probability of failure. This study evaluated the
analytical methods by comparing their reliability index (f) following
the AISI S-100 [6]. The reliability index (#) can be obtained from Eq1.
The statistical parameters in Eq. (1), including M,,, F,, Vy, and V
were assumed as 1.10, 1.00, 0.10, 0.05, respectively [6,58,61]. P, and
Vp are the mean value and the coefficient of variation obtained from
the finite element to the design prediction ratios (see Tables 3 to 5).
The coefficient of the mean load effect variation (V) was considered
0.21 by adopting the dead load (DL) over live load (LL) as 0.2. The
load combination of 1.35DL+1.5LL from Eurocode was selected. The
resistance factor (¢) of 1.00 [5] also was considered to calculate the
ratio X¢. The correction factor (Cp) was considered for the number
of models evaluated in this study. The correction factor (Cp) can be
calculated using Eq. (2), where n is the number of the models and m
is the degrees of freedom and equal n — 1. The reliability index of 2.5
was targeted for a reliable analytical prediction.

In(M,, F,, P,y X 5*)

B @

2 2 2 2
VYR +VE+CVE+V]

Cp = (1 + Yn)(n/m=2) @)

4.3. EN1993-1-1, clause 6.3.1 [1]

The axial load-bearing capacity of the CFS built-up battened
columns can be carried out through advanced design calculations such
as the finite element and standardized design methods. This section
compares the axial load-bearing capacity obtained from finite element



R. Rahnavard, M. Razavi, N. Fanaie et al.

Table 3
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Reliability analysis for the analytical prediction based on the EN1993-1-1, clause 6.3.1 [7] formulas.

Cold-formed battened columns Fixed battened column

Pinned battened column

':,”ﬁ (curve a) % (curve b) % (curve a) % (curve b)
Number of models # 300 300 300 300
Mean (P,) 1.08 1.12 1.05 1.13
Standard deviation 0.051 0.054 0.065 0.065
COV (V) 0.047 0.048 0.062 0.058
Resistance factor (¢) 1.00 1.00 1.00 1.00
Correction factor (Cp) 1.01 1.01 1.01 1.01
Reliability index (f) 2.28 2.42 2.13 2.44

Table 4

Reliability analysis for the analytical prediction based on the EN1993-1-1, clause 6.3.1 [7] formulas incorporated with the recommended

slenderness ratio from the AISI S100-16 [6].

Cold-formed battened columns Fixed battened column

Pinned battened column

Ny

N Nrrw o Nipy
o (curve a) " (curve b) N (curve a) o (curve b)
Number of models # 300 300 300 300
Mean (P,) 1.16 1.23 1.13 1.23
Standard deviation 0.05 0.05 0.064 0.066
COV (V) 0.045 0.047 0.057 0.054
Resistance factor (¢) 1.00 1.00 1.00 1.00
Correction factor (Cp) 1.01 1.01 1.01 1.01
Reliability index (f) 2.57 2.81 2.50 2.76
Table 5
Reliability analysis for the analytical prediction based on the EN1993-1-1, clause 6.4.3 [7] formulas.
Cold-formed battened columns Fixed battened column Pinned battened column
N, Nipy Npg, Nigs
ﬁ (curve a) ﬁ (curve b) ﬁ (curve a) N: E;: (curve b)
Number of models # 300 300 300 300
Mean (P,) 1.10 1.13 1.08 1.15
Standard deviation 0.06 0.08 0.012 0.12
COV (V) 0.054 0.068 0.011 0.010
Resistance factor (¢) 1.00 1.00 1.00 1.00
Correction factor (Cp) 1.01 1.01 1.01 1.01
Reliability index (8) 2.33 241 2.10 2.30

models and analytical prediction following the EN1993-1-1, Clause
6.3.1 [7].

According to the EN1993-1-1, Clause 6.3.1 [7], the design resistance
of the class-4 section under pure compression can be calculated by
Eq. (3). Eq. (3) is directly related to the effective sectional area, cal-
culated according to [5,64]. The design resistance of a class-4 member
under pure compression can be calculated by multiplying a reduction
factor by the design resistance of the section as Eq. (4). The reduction
factor (y) is calculated by Eq. (5), which is related to the design
buckling curve (a) in Eq. (6) and the slenderness of the compression
element (4). The slenderness is obtained using Eq. (7), which depends
on the effective section area and the minimum value among the elastic
flexural, torsional, and torsional-flexural buckling forces. The elastic
flexural buckling force is calculated using Eq. (8), where L, is the total
column length for the pined column and 50% of the column length for
the fixed column.

A comparison was made between the obtained results from the
finite element modeling and analytical formulas (EN1993-1-1, clause
6.3.1 [7]) for the fixed (Fig. 21a) and pinned (Fig. 21b) CFS built-up
battened columns. Fig. 21 showed that the obtained results covered
buckling curve a and above curve b, leading to a safe design by consider-
ing buckling curve b. However, it should be mentioned that the results
for columns with intermediate slenderness (approximately 0.75 < 4 <
1.5), where the failure occurs due to the interaction between global
and local is under the curve a, where is in agreement with previous
studies in [18,19]. Moreover, it can be seen that the battened columns
using the recommended batten panel distance (30i,,,) and four rows
of fasteners represent a full or close to full composite action and can
be designed with the general methodology in the EN1993-1-1, clause
6.3.1 [7]. The ratio of the finite element model to the design buckling
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load (according to EN1993-1-1, clause 6.3.1 [7]) for various slender-
ness is shown in Fig. 22. As shown in Fig. 22a, the design buckling
load considering buckling curve a is slightly unconservative, while a
safe prediction is achieved by considering buckling curve b. Although
a slightly unconservative prediction was seen for a few models, the
overall mean value for the design prediction (1.08) shows an 8%
difference on the safe side (Table 3). For the case of pinned battened
columns (Fig. 22b), the design buckling load prediction considering
buckling curve a is unsafe. At the same time, a safe prediction with
an average of 13% is achieved by considering buckling curve b.

Table 3 lists detailed data for the reliability analysis for the ana-
lytical prediction according to EN1993-1-1, clause 6.3.1 [7]. As can
be seen, the correction factor is 1.01, showing a suitable number of
models to perform reliability analysis. The reliability index value for
the analytical approach according to the EN1993-1-1, clause 6.3.1 [7]
shows values less than 2.5 replicating an unreliable methodology.
However, it is seen that the design prediction considering the buckling
curve b represents a higher value of the reliability index, showing less
unreliability than those considering the buckling curve a.

At
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Fig. 21. Comparison between the obtained results from the finite element and analytical methods (EN1993-1-1, clause 6.3.1 [7]) for the battened columns with boundary conditions:

(a) fixed and (b) pinned.
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Fig. 22. Comparing axial buckling resistance obtained from the finite element models and the EN1993-1-1, clause 6.3.1 [7] for the battened columns with boundary conditions:

(a) fixed and (b) pinned.
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4.4. The EN1993-1-1, clause 6.3.1 [7] incorporated the recommended
slenderness ratio from the AISI S100-16 [6]

The North American Specification (NAS) AISI S100 [6] recommends
increasing the slenderness ratio of the battened columns according to
Eq. (9). In the recommended slenderness by the AISI S100 [6], the
overall slenderness ratio is added by a ratio obtained from a distance
between the batten panels and the minimum radius of gyration of the
full unreduced cross-sectional area of an individual shape in a built-up

16

member.

(EL) = (K2 ) ¢ (22

Considering the recommended slenderness ratio, the EN1993-1-1,
clause 6.3.1 [7] formulations (Egs. (3)-(8)) can be replaced by Egs.
(10)-(14). The applicability of the EN1993-1-1, clause 6.3.1, by adopt-
ing the slenderness from the AISI S100 [6] was proposed in [8]. This
combination successfully predicted the axial load-bearing capacity of a
battened column made of C-shaped profiles.
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Fig. 23. Comparison between the obtained results from the finite element and analytical methods (the EN1993-1-1, clause 6.3.1 [7] incorporated with the recommended slenderness
ratio from the AISI S100-16 [6]) for the battened columns with boundary conditions: (a) fixed and (b) pinned.
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Fig. 24. Comparing axial buckling resistance obtained from the finite element models and the EN1993-1-1, clause 6.3.1 [7] incorporated with the recommended slenderness ratio
from the AISI S100-16 [6] for the battened columns with boundary conditions: (a) fixed and (b) pinned.
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A comparison was made between the finite element and analytical
results (the EN1993-1-1, clause 6.3.1 [7] incorporated with the rec-
ommended slenderness ratio from the AISI S100-16 [6]) for the fixed

17

(Fig. 23a) and pinned (Fig. 23b) CFS built-up battened columns. As
shown in Fig. 23a, the fixed CFS built-up battened columns’ results
were above the buckling curve a. A similar result was seen for the
pinned CFS built-up battened columns; however, the results for a few
cases were slightly lower than the buckling curve a. The ratio obtained
from the finite element models over those buckling loads calculated
according to the EN1993-1-1, clause 6.3.1 [7] incorporated with the
recommended slenderness ratio from the AISI S100-16 [6] is shown
in Fig. 24. As shown in Fig. 24a, most of the design buckling load
considering buckling curve a is well predicted the axial load-bearing
capacity with a mean ratio of 1.16. At the same time, a conservative
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prediction of up to 23% is obtained considering the buckling curve
b. Similar results were obtained for the pinned CFS built-up battened
columns (Fig. 24b).

According to Section 4.2, the reliability analysis was performed and
presented in Table 4 to evaluate the reliability of the methodology
presented in the EN1993-1-1, clause 6.3.1 [7] incorporated with the
recommended slenderness ratio from the AISI S100-16 [6] for the CFS
built-up battened columns. It is seen that the reliability index is higher
than 2.5 for all situations. However, it is worth mentioning that the
reliability index for the methodology based on the EN1993-1-1, clause
6.3.1 [7] incorporated with the recommended slenderness ratio from
the AISI S100-16 [6] and considering buckling curve b is higher than
those considering buckling curve a, resulting in more reliable prediction
by considering buckling curve b.

4.5. Methodology in the EN1993-1-1, clause 6.4.3 [7]

The EN1993-1-1 [7] presents a design methodology for calculating
the design buckling resistance of the CFS built-up battened columns
following clause 6.4.3. Note that the method available in EN1993-1-
1, clause 6.4.3 [7], is according to the recommendations provided by
the ECCS [65]. In general, this methodology, in particular, determines
the slenderness of the battened column, as presented in Eq. (15). The
critical load (N, p) is calculated according to Eq. (16), where the Elas-
tic flexural buckling force of the effective battened column is obtained
from Eq. (17) and assessed considering a reduced moment of inertia
Loy s)- The reduced moment of inertia can be determined according to
Egs. (18)-(20). Moreover, the shear stiffness of the built-up member
from the batten panel is determined using Eq. (21).

Fig. 25 compares the obtained results from the finite element and
analytical methods (EN1993-1-1, clause 6.4.3 [7]). For both fixed and
pinned boundary conditions, the results followed the buckling curve a
or between buckling curves a and b. However, the EN1993-1-1, clause
6.4.3 [7] recommended buckling curve b for calculating the reduction
factor. A comparison was made between the maximum axial load-
bearing capacity from the finite element model and design buckling
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load prediction by EN1993-1-1, clause 6.4.3 [7], as shown in Fig. 26.
It is seen that the design buckling load predicted using the EN1993-1-1,

clause 6.4.3 [7], considering buckling curve b is safe.

Table 5 lists detailed data for the reliability analysis for the analyti-
cal prediction according to EN1993-1-1, clause 6.3.1 [7]. The reliability
index value for the analytical approach, according to the EN1993-1-
1, clause 6.3.1 [7], shows values less than 2.5. These low values for
the reliability index replicate the unreliable prediction provided by
EN1993-1-1, clause 6.3.1 [7].
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Fig. 25. Comparison between the obtained results from the finite element and analytical methods (EN1993-1-1, clause 6.4.3 [7]) for the battened columns with boundary conditions:

(a) fixed, (b) pinned.
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Fig. 26. Comparing axial buckling resistance obtained from the finite element models and the EN1993-1-1, clause 6.4.3 [7] for the battened columns with boundary conditions:

(a) fixed and (b) pinned.
5. Conclusions

The compression behavior of various CFS built-up battened columns
(700 models) was investigated in this study. The modeling techniques
were verified by comparing axial force vs. shortening displacement ob-
tained from numerical models and experimental specimens [10,30,61].
The initial imperfection was defined using global and local buckling
modes. The optimal number of fastener rows per batten panel and the
optimal distance between batten panels along the CFS built-up battened
columns were investigated through 100 finite element models. These
suggestions were determined to achieve full or close to full composite
action between two individual CFS profiles. Five different h/b ratios
were considered in all steps of the investigation. After defining the
optimal layout for the CFS built-up battened columns, a parametric
study was conducted using 600 finite element models to investigate the
accuracy of the available methodologies in the European Standards.

The findings are summarized as follows:

1. The results recommended 30i,,, as the distance between batten
panels along the column, fastened using four rows of fasteners
per batten panel. The results showed these values as optimal
to achieve the full or close to full composite action between
two X-shaped cold-formed steel profiles. This recommended
distance between batten panels along the column agrees with
the previous finding [8,9].

2. Comparing finite element results and analytical procedures
based on the EN1993-1-1, clause 6.3.1 [7] showed unconserva-
tive results for the CFS built-up section with batten panels when
buckling curve a is considered. At the same time, the analytical
prediction considering buckling curve b was safe. Note that the
analytical prediction taking the buckling curve-a into account
represents a correct procedure, and only slightly unconservative
results were found for a few cases.

3. The applicability of the EN1993-1-1, clause 6.3.1 [7], by adopt-
ing the slenderness from the AISI S100 [6] was proposed in [8].
Its applicability for the presented battened columns fabricated
using X-shaped cold-formed steel profiles was investigated, re-
sulting in good accuracy. This study recommends the slenderness
from the AISI S100 [6] used in the EN1993-1-1, clause 6.3.1 [7],
to predict the axial capacity of battened built-up columns. This
paper showed that slenderness from the AISI S100 [6] used
in the EN1993-1-1, clause 6.3.1 [7] could accurately predict

the axial capacity of the CFS built-up battened columns when
buckling curve a is considered. However, the reliability analysis
achieved a higher reliability index (f = 2.81 for fixed and g =
2.76 for pinned) when buckling curve b was used to predict the
axial capacity.

4. The EN1993-1-1 [7] proposed a methodology for battened
columns in clause 6.4.3. Buckling curve b also was suggested
in the EN1993-1-1, clause 6.4.3 [7]. Its applicability for bat-
tened columns fabricated using X-shaped cold-formed steel pro-
files was investigated. The results showed that the predictions
provided by formulation in the EN1993-1-1, clause 6.4.3 [7],
were conservative in general. However, the reliability index for
its prediction (<2.5) represented clause 6.4.3 as an unreliable
procedure.

6. Future work

Although research studies were conducted on CFS built-up battened
columns, many details are still missing to present a fully reliable de-
sign methodology. The compression behavior of CFS built-up battened
columns can be explored more when the batten panels are positioned in
the minor axis of the columns. Therefore, more experimental, numer-
ical, and analytical are suggested for future studies to address more
remained details of the CFS built-up battened columns. It was con-
cluded in Section 3.1 that increasing the axial load-bearing capacity due
to the number of fasteners also included the effect of the batten panel’s
stiffness. The contribution of the fasteners and the plate stiffness can
be addressed in more detail in future studies. Although four fastener
rows per batten panel are suggested in this study, an investigation of
the design procedure of batten panels is recommended in which the
required fasteners for the batten panel connection are determined by
computing the required resistance of connections between the profiles,
the batten panels, and the shear resistance of each fastener.
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